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Introduction 
Fluorescence-based assays using single-molecule techniques are evolving into a very important tool 
in science. These techniques include not only direct detection and analysis of single-molecule events, 
but also spectroscopic analysis through fluctuation methods such as FCS (fluorescence correlation 
spectroscopy) or FIDA (fluorescence intensity distribution analysis). What are the advantages of these 
techniques and why is fluorescence chosen as the readout?  
Scientific theories of molecular interactions and chemical reactions are mainly described on the single-
molecule level. However, our knowledge of the interactions and properties of molecules arose from 
experiments on ensembles of molecules. Experiments have been performed over the past few years 
to directly monitor single molecules. Do these experiments significantly improve our understanding of 
this area ? According to the fundamental tenet of statistical mechanics, the ergodic theorem, the mean 
of a physical value is the same regardless of whether the observation is carried out over time from a 
single member of an ensemble or over all members at a single point in time. However, this theorem is 
only valid in the case that the system is homogeneous, i.e., all members of the ensemble are similar. 
Heterogeneity in a system can either be static or by variations in the ensemble characteristics within 
the measurement time. In this case, the mean of a physical value measured for a single molecule over 
time and its mean measured over the whole ensemble at a single point in time, i.e., single-molecule 
and ensemble experiments, disagree. The characterization of such systems demands the direct 
observation of single molecules. Therefore, experiments on the single-molecule level are providing 
new comprehensive descriptions of molecular and physical properties and processes which are lost in 
ensemble measurements. These include, e.g., the determination of distributions of molecular 
properties of a heterogeneous system, the exposure of rare events and changes within an ensemble, 
the direct identification and quantification of single molecules, or the observation of the temporal 
behavior of single molecules and, thus, the direct observation of temporal fluctuations.  
Remarkable progress in single-molecule detection methods has been made through the examination 
of single ion channels using the patch-clamp technique [1] and also by monitoring single atoms and 




the field of confocal microscopy have opened up the way for the direct detection of single molecules 
with optical methods [4-6]. Due to its superior sensitivity to environmental properties and also its multi-
dimensionality, i.e., its ability to provide various simultaneous readouts of parameters such as 
intensity, lifetime, anisotropy, and spectral characteristics (multi-parameter fluorescence detection, 
MFD), fluorescence has gained major attraction in the field of single-molecule analysis [7-11]. A 
number of fluorescent dyes have been detected and identified directly in solution using different 
fluorescence parameters [12-19]. Suitable dyes can also be used as labels of biologically significant 
molecules such as proteins and nucleic acids and act as reporters of molecular environment and 
characteristics. Single-molecule fluorescence-spectroscopy offers new approaches for DNA-
sequencing [20,21] as well as the direct resolution of conformational dynamics, binding interactions, 
and cleavage reactions of biological molecules [10,22,23] leading, e.g., to superior understanding of 
protein functions. Optical methods of single-molecule detection are not confined solely to fluorescence 
techniques. Notable successes also include Raman-spectroscopy [24], which can reveal very rare 
events that are undetectable using conventional ensemble measurements [25].  
Further widespread scientific methods like fluorescence correlation spectroscopy (FCS) use 
fluctuations in a fluorescence signal to obtain information on the molecular level of the observed 
system. The ability of confocal microscopy to observe fluctuations from single molecules resulted in 
fluctuations of sufficient magnitude to make these methods more generally accessible. Thus, FCS, 
which was introduced in 1972 [26,27] and temporally analyses the fluctuations by calculating the 
correlation function, has evolved into a widespread analysis tool in a wide range of scientific 
applications [28-31]. Recently, another powerful method, fluorescence intensity distribution analysis 
(FIDA), has been introduced, which analyses the fluorescence fluctuations on the basis of the 
distribution of their amplitudes [32,33]. FIDA is not only already applied to particular biological casts 
but has also been further developed by using, e.g., the multi-parameter readouts of the fluorescence 
(two-dimensional fluorescence intensity distribution analysis (2D-FIDA) [34] and fluorescence intensity 
multiple distribution analysis (FIMDA) [35]). Due to their short acquisition times of down to one second 
and their fast analysis algorithms with fundamentally solved theoretical descriptions, these fluctuation 
methods have become useful in industrial applications. Therefore, FCS and FIDA have found 
widespread application in pharmaceutical research and in biotechnology, particularly in drug-discovery 
(high-throughput-screening (HTS)) [36-38]. 
This article will give an overview of fluorescence techniques and applications of single-molecule 
detection and analysis. It is focused on the detection of fluorescence emitted from freely diffusing 
molecules in solution. A confocal microscope is described, which uses special electronics for detection 
and enables the observation of fluorescence emission from single molecules along with monitoring of 
various fluorescence parameters (MFD). In the first part, procedures such as the detection and 
identification of single molecules, the monitoring of rare events, the direct temporal observation of 
binding events and conformational dynamics, as well as the possibility of selective spectroscopy of 
molecular states are described. Industrial applications such as HTS are illustrated by a description of 
using fluctuation methods such as FCS and FIDA to resolve characteristic properties of biological 
assays, e.g., ligand-protein and -vesicle binding or enzymatic reactions. 
Set-up: confocal fluorescence microscope  
(a) Optical set-up: To study the fluorescence emission from single molecules in solution a standard 
confocal epi-illuminated fluorescence microscope is used as shown in Fig.1A and previously described 
in detail [34,39,40]. A pulsed or continuous-wave (cw), linearly-polarized laser is coupled into a 
microscope objective and focused into the sample. The size of the focus, usually larger than about 
0.5 µm, is set by a telescope in front of the microscope. The sample, a highly diluted aqueous dye or 
dye labeled biomolecule solution (< 10-8 M), is placed either on objective slides with a cover glass or in 
microscope glass bottom micro- or nanotiter-plates (8- to 2080-wells). Diffusion of a fluorescent 
molecule through the laser focus leads to excitation and fluorescence emission of the dye. The 
fluorescence is collected by the same objective and imaged onto a pinhole (diameter > 30 µm 
depending on the focal size) by the tubelense. Using polarized and/or dichroic (DB) beamsplitters with 
up to four detectors (avalanche photodiodes) the detected fluorescence light can be split up into its 
different polarization directions (parallel and vertical polarized with respect to the polarization of the 
laser) and/or fluorescence emission bands (e.g., fluorescence light above and below 620 nm). 
Interference filters (IF) in front of the detectors block unwanted background light due to, e.g., scattering 
of the solvent. 
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Fig. 1 (A) Standard confocal epi-illuminated fluorescence microscope used for multi-parameter 
fluorescence detection at the single-molecule level. (B-C) Multi-Channel-Scaler (MCS) traces 
of Rhodamine 6G in water measured at the set-up of (A) (dye concentrations of 10-12 M (B) 
as used in SMD experiments and 5×10-9M (C) as applied in fluctuation measurements); 
signal intensity F(t) (number of photons detected in time windows of 1 ms (A) and 0.1 ms(B)) 
against the measurement time t. 
(b) Data acquisition electronics: The electronics (multi-parameter fluorescence detection, MFD, in 
Fig.1A), are capable of simultaneously recording several parameters of the detected fluorescence 
signal: (1) the detector number of each detected photon representing its spectral range or emission 
band, λ (e.g., green (< 620 nm) and red ( > 620 nm)), or polarization with respect to the polarization of 
the exciting laser light (parallel, ||, or vertical, ⊥); (2) in the case of pulsed laser excitation light the 
arrival time, ∆τ, of the signal photon relative to the incident laser pulse, measured by TCSPC (time 
correlated single photon counting) to determine the fluorescence lifetime, τ, in an arrival time 
histogram (picosecond to nanosecond time scale) either for each detector separately or for a set of 
detectors (Fig.2B); (3) the inter-photon time, ∆t, of a signal photon to the preceding signal photon 
(millisecond time range) (for details see [8,22,25,39,40]); (4) a multi-channel-scaler (MCS) trace, which 
is obtained by counting the number of detected photons within consecutive time windows of constant 
size (e.g., 1 ms, Fig. 1B and C) either for each detector separately or for a set of detectors. This is 
either done by a separate electronic PC-card [34,39,40] or by software calculation using the inter-
photon time, ∆t [22,25]. The MCS trace represents the time dependent fluorescence signal intensity, 
F(t), on the macroscopic time scale. 
Data processing for multi-parameter fluorescence detection (MFD)  
The principles of two multi-parameter fluorescence methods at the single-molecule level will be 
presented here;  
(A) The direct observation of single molecules (single molecule detection, SMD) is only possible in 
samples with fluorescent molecule concentrations below 10-11 M. The mean number of fluorescent 
molecules in the detection volume is far below one, i.e., fluorescence bursts above the 
background signal level indicate single fluorescing molecules diffusing through the detection 
volume. The MCS trace in Fig.1B shows the time dependent fluorescence signal of such an 
experiment with the background signal due to Raman scattering from the solvent being solely 
detected most of the time and some signal peaks indicating the fluorescence bursts from single-
molecule transits. An important step in analyzing a SMD experiment is to distinguish between 
fluorescence and background. It is important to confine the analysis to the actual fluorescence 
photons in the burst, avoiding inclusion of extraneous background photons. Burst selection can be 
realized using the inter-photon time, ∆t, information as outlined in Fig.2A. The inter-photon time, 
∆t, between two consecutive detected background photons is very large, whereas fluorescence 
photons emitted during a dye transit cause a photon burst and thus have a small inter-photon 
time, ∆t. In the case that the inter-photon times of a certain number of consecutive photons 
(depending on the experiment, e.g., 150) are all below a chosen threshold value (horizontal line in 
Fig.2A), this photon interval is classified as fluorescence burst and subject for further analysis. For 
details see [22,25,39,40]. 
(B) Fluctuation methods like FCS and FIDA process an entire data stream. They require signal 
fluctuations of sufficient amount. The amplitudes of these fluctuations are inversely dependent on 
the concentration of fluorescent molecules and are maximum at SMD concentrations as is 
apparent in the MCS traces of Fig.1B and C. However, concentrations around 1 nM are sufficient 
for such measurements, i.e., the mean number of fluorescent molecules in the detection volume is 
around one to ten. There is no constraint that the mean number of fluorescent molecules in the 
detection volume must be far below one as in SMD experiments. For FCS, a correlation function is 
calculated from the time dependent fluorescence signal, F(t), as shown in Fig.2C [26-31]. This can 
either be performed by a separate electronic PC-card [15,34,39] or determined from the MCS 
trace by software calculation [22,25,39,40]. In FIDA the distribution of the amplitudes of the MCS 
trace (usually with a time window of 40 µs) is determined in a frequency histogram as illustrated in 
Fig.2D [32,33]. This is either set up by software from the MCS trace [25] or directly by an 
electronic PC-card [32]. Further extension to 2D-FIDA and FIMDA is also possible. In this case, a 
joint frequency histogram of the synchronized amplitudes of the MCS traces from two detectors or 
multiple frequency histograms of the amplitudes of MCS traces with different time windows are 
produced, respectively, as described in detail in [34,35]. 
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Fig. 2 (A) Inter-photon times, ∆t, of detected photons of the Rhodamine 6G measurement of Fig.1B 
together with a threshold value (horizontal line) for burst selection (for a better representation 
the ∆t-values are averaged by applying a LEE-filter [39,40]). Representative example data of 
(B) fluorescence lifetime analysis (FLA, arrival time histogram together with instrument-
response function/excitation pulse), (C) fluorescence correlation spectroscopy (FCS, 
correlation curve), and (D) fluorescence intensity distribution analysis (FIDA, frequency 
histogram of fluorescence intensity amplitudes). 
Multi-parameter fluorescence detection (MFD) in single-molecule detection (SMD) 
As outlined before SMD searches for fluorescence signal (bursts) above the background signal level. 
Each burst is caused by the diffusion of a single molecule through the detection volume. Therefore, 
the fluorescence photons of each burst reflect the properties of the corresponding single molecule. 
SMD uses various fluorescence parameters (MFD) to obtain as much information as possible in order 
to characterize the different single molecules of a sample. In principle, two analysis methods are 
possible. (1) Burst integrated analysis determines the fluorescence parameters from all detected 
fluorescence photons of a burst. Hence, this method was formerly introduced as burst integrated 
fluorescence lifetime (BIFL) [18,22,25,39,40]. This procedure enables identification and quantification 
of the different molecule species in a sample and a means of directly exposing the heterogeneity of 
the sample. (2) Real-time monitoring obtains the different fluorescence parameters consecutively for a 
certain number of fluorescence photons detected in succession throughout the burst and, thus, 
registers the time dependent variations of these parameters for one molecule [22,39,40]. This method 
directly reveals molecular changes due to, e.g., conformational changes or binding events in real-time.  
MFD, i.e., the determination of the fluorescence parameters of a single molecule or of a set of 
detected fluorescence photons of a single molecule are determined as followed. (A) The fluorescence 
intensity is given by the ratio of the number of photons and the time-interval in which they are detected 
as obtained by the corresponding inter-photon times, ∆t. (B) The fluorescence lifetime, τ, is obtained 
by fitting a theoretical model to the arrival time (∆τ) histogram (Fig.2B) of these photons. The 
theoretical model includes the convolution of the exponential decay, exp(- τ/∆τ), with the instrument-
response-function of the laser pulse, while fitting is done using the Maximum-Likelihood method 
[15,16]. (C) The fluorescence anisotropy, rF, is calculated from the number of photons, N|| and N⊥, 
registered on the two detectors monitoring the polarization directions (parallel and vertical polarized 
with respect to the polarization of the laser) respectively; rF = [N|| - N⊥] / [N|| + 2 N⊥]. Further factors are 
introduced, which correct for the slightly different detection efficiencies, as well as for contributions of 
background scattering light and have been described in detail [19]. Through the Perrin-equation, the 
anisotropy depends on the rotational correlation time, ρ, as well as the fluorescence lifetime, τ, and 
reveals the rotational diffusion characteristics of the fluorescent molecule. In an advanced fit to the 
arrival time (∆τ) histograms of the photons from the two detection channels the rotational correlation 
time, ρ, can also be obtained directly [19]. (D) In the case that two different fluorescent labels are used 
and their different fluorescence emission bands monitored simultaneously, the ratio of the numbers of 
photons detected on each detector is used to check their coincident occurrence or to obtain an 
efficiency of fluorescence resonance energy transfer (FRET) from one dye to the other [40-43]. This 
aids investigation of inter- or intra-molecular distances and, thus, monitoring of binding events to 
specific binding sites or conformational changes [23,40-43].  
SMD: identifying and quantifying single molecules by burst integrated analysis 
After selecting the bursts or single-molecule events as outlined above, one or several fluorescence 
parameters can be used to identify a molecule. In Fig.3A-C an example is given using fluorescence 
lifetime. Three different samples were investigated in a water/glycerin (60/40 weight percent) mixture; 
(A) 6 pM Rhodamine B, (B) 2 pM Rhodamine 6G, and (C) a 1:3 mixture of (A) and (B) for an about 
equal-molar (1.5 pM) mixture of both dyes. Fluorescence bursts containing more than 50 signal 
photons were selected as single-molecule events and their fluorescence lifetime determined. Fig.3A-C 
shows the distribution of the fluorescence lifetime values with their mean values and widths. In the 
case of the mixture (C) two distributions are obtained, which show the ability of SMD together with the 
determination of fluorescence lifetime to distinguish whether a burst has been caused by one or 
another molecule. However, the overlap of both distributions reveals the uncertainty or possible error 
probability of the identification, which in this case is 4.7 %. This means, 4.7 % of all bursts were 
assigned to the wrong molecule. In order to decrease this error probability, an additional parameter, 
like the anisotropy, rF, or the intensity, F, can be taken into account (MFD) as has been shown in 
several impressive examples [19,39,40,44,45]. Furthermore, the width of the distribution of the 
fluorescence parameters can directly reveal heterogeneities of the sample, since the expected 
standard deviations of a fluorescence parameter determination are know beforehand [15,19,40]. 
These heterogenities signify the presence of different molecular species or states due to different 
fluorescence characteristics. 
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Fig. 3 (A-C) Distribution of fluorescence lifetime values determined from single-molecules of (A) 
Rhodamine B (6 pM, 394 single-molecule events), (B) Rhodamine 6G (2 pM, 375 single-
molecule events), and (C) a 1:3 mixture of (A) and (B) for an about equal-molar mixture of 
both dyes (1.5 pM, 325 single-molecule events) (solvent water/glycerin mixture, 60/40 weight 
percent) together with a Gaussian fit to the data ((A) τ = 2.4 ± 0.3 ns, (B) τ = 3.7 ± 0.6 ns, (C) 
τ = 2.3 ± 0.4 ns and τ = 3.8 ± 0.5 ns). (D) Distribution of the burst sizes (i.e., number of 
photons from one single-molecule event) from sample (C) for Rhodamine B classified 
molecules (τ <2.85 ns, upper graph) and Rhodamine 6G classified molecules (τ >2.85 ns, 
lower graph) (dots) together with a fit of the theoretical model (line) to the data resulting in 
values of the mean number of molecules in the detection volume; Rhodamine B 0.028, 
Rhodamine 6G 0.022 (for details see [18]). 
The easiest way to quantify a certain molecule species is to count its associated single-molecule 
events. This has been addressed elegantly using a flow system with a detection volume covering its 
full width [8,20,21,44,46]. In this case, every molecule crosses the detection volume in approximately 
the same time and with approximately the same fluorescence emission intensity. The burst sizes are 
Poissonian distributed around a mean value. Every single-molecule transit can be assigned to a 
fluorescence burst of reasonable size [46]. Such a set-up has, therefore, been taken as fundamental 
standard for DNA-sequencing approaches using SMD [20,21]. However, observing free diffusing 
molecules in an open detection volume leads to all kinds of bursts from single molecules as becomes 
obvious from Fig.1B. The transit of a molecule can occur at the margins of the volume, where low 
excitation intensity combined with a short dwell time result in low fluorescence emission. In contrast, 
maximum fluorescence emission occurs by a transit through the center of the volume with the 
maximum excitation intensity and a long dwell time. The burst sizes have an exponential-like 
distribution as shown in Fig.3D. The previously described burst selection, with the demand of a 
minimum number of detected photons per burst results in many single-molecule transits being 
neglected. Quantification is therefore performed by fitting a theoretical model to the incomplete 
experimental burst size distribution (Fig.3D) [18,40]. This model considers the distribution of dwell 
times, the inhomogeneous excitation profile, and extrapolates to small burst sizes. In this way, the 
quantification of the different species of the dye mixture in Fig.3C can be performed elegantly (Fig.3D) 
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Fig. 4 Real-time monitoring of single-molecule transits; Rhodamine 6G labeled DNA double-strand 
(label-5-d(CAA AGC GCC ATT CGC CAT TC) and complementary strand 5-d(GAA TGG 
CGA ATG GCG CTT TG), 5 pM in sodium-phosphate buffer, pH 7.5). (A) Fluorescence 
parameter trace of a single-molecule transit determined from sets of 150 photons (lifetime, τ, 
and anisotropy, rF, with projected frequency distributions, and intensity as MCS-trace). (B) 
Two-dimensional parameter diagram obtained from the parameter traces of 976 single-
molecule transits with the corresponding one-dimensional frequency projections. (C-D) 
Selective fluorescence lifetime analysis of photons selected from island (I) (C) and island (II) 
(D) with fit to data using more than one exponential decay constant and resulting in 
amplitudes and decay constants; (C) 10%-4.0 ns, 35%-1.6 ns, 37%-0.5 ns, background 




SMD: real-time monitoring of a single-molecule transit 
As outlined above, the time dependence of the different fluorescence parameters can be monitored by 
consecutive determination from a fractional set of successively detected fluorescence photons within 
the single-molecule transit [22,39,40]. This is shown in Fig.4A, where pairs of the fluorescence 
parameters lifetime, τ, and anisotropy, rF, have successively been determined for sets of 150 photons 
throughout a fluorescence burst caused by a Rodamine 6G labeled double-stranded oligonucleotide 
(sequence and sample conditions see figure legend). The corresponding information is obtained from 
the inter-photon times, ∆t, and, thus, the macroscopic time of the median fluorescence photon of each 
set. In spite of noise fluctuations originating from the uncertainty of the parameter determination, a 
clear jump between two levels (τ = 2 ns to τ = 5 ns) is observed for the fluorescence lifetime. To check 
whether fluctuations reveal molecular changes, the time-dependent information from all single-
molecule transits have to be gathered. This is done in two-dimensional parameter diagrams, which 
plot the frequency of pairs of lifetime, τ, and anisotropy, rF, and of lifetime, τ, and intensity, F, values 
together for all photon sets and for all single-molecule transits. Fig.4B shows the two-dimensional 
parameter diagrams of 1358 single-molecule events of the double-stranded oligonucleotide. Two 
molecular species or conformational states are clearly denoted by the two islands; (I) a quenched 
state with mean values of F = 100 kHz, rF = 0.2, and τ = 1.4 ns and (II) an unquenched state with 
mean values of F = 300 kHz, rF = 0.16, and τ = 4.1 ns (for comparison, measurements of a pure 
Rhodamine 6G sample reveal one species with mean values of F = 320 kHz, rF = 0.02, and τ = 4.0 ns 
(data not shown) [40]). However, the direct observation of the change between the states shown in 
Fig.4A succeeded in only a few single-molecule transits, since the kinetics (correlation time constant of 
t = (8.2 ± 1.0) ms, determined by FCS measurements using an extremely expanded excitation volume 
- data not shown [40]) are slower than the average diffusion time of the molecules (about 2 ms in the 
SMD experiments). Furthermore, the widths of the distributions of the fluorescence parameters of the 
two states (e.g., lifetime τ(I) = (1.41 ± 0.3) ns and τ(II) = (4.1 ± 1.1) ns) are larger than expected from 
theory [15,19,40] (e.g., lifetime determination using 150 photons (1.41 ± 0.17) ns and (4.1 ± 0.45) ns). 
This reveals heterogeneities due to possible sub-states within the two macroscopic states. Here, the 
powerful potential of multi-parameter fluorescence SMD is highlighted, since it is the only method with 
which it is possible to further analyze the two macroscopic states separately by using state-selective 
spectroscopy. In state-selective spectroscopy only those sets of 150 photons, which are assigned to 
one specific macroscopic state or species, i.e., whose according fluorescence parameters lie within 
one of the islands of the two-dimensional parameter diagrams, are selected for further analysis. 
Here, sets of photons with a fluorescence lifetime, τ < 2.5 ns, were assigned to the quenched state (I) 
and with τ > 3.0 ns to the unquenched state (II). Possible analysis methods are state-selective FCS, 
FIDA, or lifetime analysis. Fig.4C-D shows for example the frequency histograms of the arrival times, 
∆τ, of the selected photons of states (I) (Fig.4C) and (II) (Fig.4D) together with the lifetime analysis. 
Both decays had to be fitted using more than one exponential decay constant (see figure legend), 
which reveals the lifetime values of the sub-states. Combining all results and comparing them with the 
analysis of similar oligonucleotides (e.g., a labeled single-stranded oligonucleotide exhibiting only one 
molecular species with mean values of F = 250 kHz, rF = 0.11, and τ = 4.5 ns (data not shown) [40]) 
the following model can be proposed for the double-stranded oligonucleotide. (1) Conformational 
changes do occur between two macroscopic stable states with a time constant of about 8 ms. These 
are due to fluctuations of the position of the labeling dye with basically two different environments; 
state (I) interaction with the terminal DNA-base-pair guanine-cytosine (G-C) with specific quenching of 
the Rhodamine 6G fluorescence by guanine via photo-induced proton-coupled electron transfer [47] 
and state (II) proximity to the next positioned DNA-base-pair adenine-thymidine (A-T) leading to a 
slightly enhanced fluorescence lifetime due to interaction with adenine (τ = 4.3 ns) [48]. (2) Both states 
reveal sub-states with different interaction efficiencies due to variations in the positions of the dye. In 
case of state (I) the dye seems to cover the top of the terminal base-pair, while state (II) reveals 
heterogeneities due to sliding of the dye within the major groove of the DNA.  
This example is only supposed to be an introduction into the possibilities of multi-parameter 
fluorescence detection (MFD) using SMD and has, therefore, not been covered in detail. The full study 
would overstretch this tutorial report and is described in detail elsewhere [39,40]. Furthermore, it 
includes more possibilities of real-time monitoring of single-molecule transits such as the direct 
resolution of reaction kinetics by correlation analysis of the individual fluorescence parameter traces 
[22,25,39].  
SMD: conclusion 
The application of multi-dimensional fluorescence detection (MFD) to SMD enhances the accuracy of 
the identification, quantification and, thus, the characterization of a sample, as well as the possibilities 
of resolving molecular dynamics and states. This opens up new approaches in all scientific fields such 
as analytical chemistry with the detection of rare sample components and impurities, and biophysics 
due to the potential for much higher sensitivity in monitoring of molecular reactions, e.g., protein 
functions. State-selective spectroscopy is particularly a powerful tool which helps to find better 
understandings of molecular states and is only accessible via multi-dimensional fluorescence SMD. 
Recent results of experiments applying fluorescence resonance energy transfer (FRET) to SMD have 
extended the potentials of this technique [40-43]. However, some problems must still be kept in mind. 
As in all fluorescence microscopy applications the maximum number of detectable fluorescence 
photons is limited by the photodestruction of the dyes which has already been subject of several 
studies [49,50]. The minimum and maximum time resolution of real-time monitoring is given by the 
restricted minimum number of photons needed for a fluorescence parameter determination of 
sufficient statistical accuracy and also by the limited dwell time of the single molecules as outlined 
above, respectively. In the applications presented here, this ranges about from 0.5 µs to 5 ms. In the 
field of pharmaceutical applications such as HTS the minimization of the data acquisition and analysis 
time is one of the most important issues. SMD experiments like those presented here demand an 
acquisition time of at least several seconds to minutes at minimum, since a reasonable amount of 
single-molecule events have to be gathered to reach a sufficiently high accuracy. Therefore, 
applications for HTS purposes apply other analysis methods based on fluctuation methods which 
combine slightly higher molecule concentrations with much lower data acquisition times.  
 
Fluorescence fluctuation methods: applications in biotechnology 
Biotechnology fluorescence applications such as HTS necessitate special considerations for both data 
acquisition and analysis. In high-performance drug discovery, HTS is used to test libraries of 10,000 to 
1,000,000 potential drug candidates for biological reactivity rather than designing a special drug for a 
specific biological target. Possible screening targets include the inhibition of binding events, the 
activation of protein function, and the control of enzymatic reactions. In HTS as many samples as 
possible are tested in the shortest possible time with the smallest possible fraction of false 
classifications of the drug candidates. Therefore, besides an efficient read-out mode such as 
fluorescence, that is sensitive enough to distinguish, e.g., bound from unbound molecules, HTS 
requires short data acquisition times down to one second and analysis methods with the highest 
possible statistical accuracy. These requirements are fulfilled by fluorescence fluctuation methods. 
The analysis of fluorescence signal fluctuations opens up the possibility of resolving and quantifying 
components of a sample with different fluorescence or molecular characteristics; e.g., brightly 
fluorescing particles give rise to high fluorescence emission and detection rate, whilst slowly diffusing 
fluorescing molecules remain in the detection volume and emit fluorescence over a long period of 
time, additionally the fluorescence fluctuations from high concentrated molecules show much smaller 
amplitudes than low concentrations of molecules as shown in Fig.1B+C. Thus, the highest possible 
statistical accuracy for the characterization of a biological target is reached and is furthermore 
increased by the simultaneous measurement of a variety of fluorescence parameters (MFD). In 
contrast to SMD, these methods use the whole signal data stream to extract the information and the 
necessary data acquisition times can be lowered down to below one second. However, as outlined 
above, the analysis demands fluctuations of a certain amplitude, i.e., the concentration of fluorescing 
molecules has to be close to the single-molecule level. Several different analysis methods have 
evolved over the last few years that are capable of this molecular resolution. They are summarized 
below. 
A) FCS (fluorescence correlation spectroscopy) analyses the temporal characteristics of fluorescence 
fluctuations. The calculated correlation function (Fig.2C) of these fluctuations decays with time 
constants that are characteristic of the molecular processes causing these fluorescence changes, 
e.g., diffusion into and out of the detection volume and reaction kinetics [26-31]. The amplitude of 
the decay is related to the molecular concentration while the inflection point represents the mean 
diffusion time, τdiff, of the fluorescing molecules through the detection volume, which is solely 
dependent on the diffusion coefficient. Hence, FCS is able to resolve components of a sample 
with different diffusion coefficients due to, e.g., different molecular mass. For example, the binding 
of a dye labeled peptide to a larger protein is followed by an increase in the mean diffusion time, 
τdiff. In this way, biological assays can easily be developed for HTS applications [36,38]. However, 
for measurement times as short as one second and for an increasing background signal, the 
correlation curves become severely noise limited. Thus, for these conditions, FCS loses its 
accuracy. Due to this problem, further fluctuation methods have been developed for HTS. 
B) FIDA (fluorescence intensity distribution analysis) relies on a collection of instantaneous values of 
the fluctuating fluorescence intensity by building up a frequency histogram of the signal amplitudes 
throughout a measurement (from the according MCS trace as outlined above) [32,33]. The 
resulting distribution of signal intensities is then analyzed by a theory which relates specific 
fluorescence brightness, q (intensity per molecule in kHz), and absolute concentration, c (mean 
number of molecules in the detection volume), of the molecules under investigation as well as 
possible background signal due to scattering or impurities. FIDA distinguishes species of the 
sample according to their different values of specific molecular brightness, q. Reactions resulting 
in the quenching of the fluorescence emission of a dye-label or in the aggregation of dye labeled 
molecules can easily be monitored applying FIDA. Possible HTS applications have been 
introduced by enzyme cleavage [32] as well as inhibition of ligand binding to acceptor proteins 
exposed on vesicle surfaces [37]. Since FIDA is based on a solely statistical process (i.e., building 
up of a histogram) rather than on a numerical operation (i.e., calculating the correlation function as 
in the case of FCS), FIDA is able to maintain good statistical accuracy down to acquisition times of 
one second. 
C) 2D-FIDA (two-dimensional fluorescence intensity distribution analysis) and FIMDA (fluorescence 
intensity multiple distribution analysis) are based on extensions of the FIDA technique resulting in 
improved performance. 2D-FIDA is applied to a two-detector set-up monitoring either different 
polarization or emission bands of the fluorescence signal (as described above) and in addition to 
the FIDA performance achieves additional molecular resolution by the concurrent determination of 
two specific brightness values of each detection channel, q1(channel1) and q2(channel2) [34]. By 
observing the molecular resolved fluorescence anisotropy simple and more complex binding 
events and enzymatic reactions may be followed. Alternatively, such events may be followed by 
labeling with two dyes with different fluorescence emission bands and combining this with either 
two-color excitation by different lasers or FRET interaction. Thus, use of a second detector can 
improve the power of FIDA to distinguish between molecular components and is, therefore, 
increasingly applied in high-performance drug discovery [38]. In contrast, FIMDA only demands 
one detection channel (as outlined above) and extracts all characteristics of both FCS and FIDA 
(diffusion time, τdiff, specific molecular brightness, q, and absolute concentration, c) from a single 
measurement [35]. FIMDA increases the readout and improves likelihood of molecular resolution 
of different components of the sample effectively by one dimension. Its viability and improvements 
in comparison with FIDA have been supported by measurements characterizing a real protein-
ligand interaction [35].  
D) Fluorescence lifetime analysis (FLA) is not a fluctuation method but also a method, which is 
capable of distinguishing components of a sample through variation in fluorescence 
characteristics. By analyzing the arrival time histogram, ∆τ (obtained by TCSPC as described 
above, Fig.2B), of all detected signal photons of a measurement, a molecular species may be 
characterized by its fluorescence lifetime, τ, and allows the determination of molecular signal 
count rates, cq, as well as the consideration of background signal. FLA can be applied to any 
biological reaction exposing a change in the fluorescence lifetime (due to environmental changes 
of the dye-label, such as a quenching reaction) as shown in Fig.5A for a peptide-protein 
interaction. Here, a high statistical accuracy is still obtained even though data acquisition times are 
below one second. This fulfills the demands for its operational use in biotechnology techniques 
such as HTS. Since FLA does not demand signal fluctuations of a particular amount, it can be 
employed at any concentration range. 
Fig.5B+C reveals the powerful possibilities of the fluctuation methods in the field of HTS or analytical 
sciences. Here, the inhibition of a peptide-protein interaction is monitored using 2D-FIDA. The 
anisotropy of the binding complex is determined with and without the presence of fluorescence 
impurities. Fluorescence background is a major problem in HTS due to the possibility of intrinsic 
autofluorescence of the investigated drug candidates. When the anisotropy is determined from the 
overall signal as is usually the case in fluorescence experiments, its values are erroneous due to the 
presence of a background signal (Fig.5B). The inclusion of an autofluorescent component and 
calculation of the molecular resolved anisotropy of the binding complex by 2D-FIDA is capable of the 
readout correction (Fig.5C). 


















































conc inhibitor [µM]  
Fig. 5 (A) Binding of a small MR121-labeled peptide to the protein Calmodulin monitored by 
fluorescence lifetime analysis (FLA, 0.5 s measurement time, error bars result from 10 
measurements); change of the overall lifetime upon titration of the protein. Hyperbolic fit 
(line) to the data results in a binding constant, KD =19.5 ± 1.4 nM. (B-C) Binding of a small 
Cyanin5-labeled peptide to the SH2-domain of the Grb2-protein monitored by a change of 
the fluorescence anisotropy, rF (10 s measurement time, error bars result from 10 
measurements); titration of unlabeled peptide inhibitor with (open dots) and without (black 
dots) addition of impurities (1 µM Rhodamine 800). Determination of the anisotropy from the 
overall signal (B) and from 2D-FIDA (C) resolving the fluorescence signal from the labeled 
peptide and the impurities. For more details on the assay system see [35]. 
As can be seen from the applications introduced above, fluctuation methods are not only useful for 
HTS but may also be widely applied for monitoring all kinds of molecular interactions in the life 
science, for example diagnostic purposes, SNP (single nucleotide polymorphism) analytic, chip 
technologies, or even material, e.g., semiconductor surface characterization. 
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